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TRACE ORGANIC COMPOUNDS I N  NATURAL GAS COMBUSTION 

bY 

J. A .  Chisholm, Jr. and D. L. Klass 

I n s t i t u t e  of  Gas Technology 
Chicago, I l l i n o i s  60616 

INTRODUCTION 

Complete combustion i s  decidedly easier t o  obtain with j ,  

;' n a t u r a l  gas than with any o the r  f o s s i l  Under normal operat ing , condi t ions,  the f l u e  products of natural-gas-burning equipment are 
r e l a t i v e l y  f r e e  of unburned hydrocarbons and p a r t i a l  combustion pro- 
ducts .  However, under fue l - r i ch  condi t ions,  small q u a n t i t i e s  of or- 
ganic de r iva t ives  a r e  produced. The i n v e s t i g a t i o n  reported i n  t h i s  
paper t o  i d e n t i f y  and determine the q u a n t i t i a s  of these t r a c e  com- 
pounds, p a r t i c u l a r l y  when combustion occurs under low-aeration con- 
d i t i o n s ,  was c a r r i e d  out a t  the I n s t i t u t e  of Gas Technology, with 
f i n a n c i a l  support of t he  American Gas Association. 

s e l e c t i v i t y  f o r  analyses of these t r a c e  organic compounds. 
quently,  highly s e n s i t i v e  instrumental  methods were used, with modifi- 
cat ions whenever necessary.  

t 

Class i ca l  wet chemical procedures l ack  the  s e n s i t i v i t y  and 
Conse- i 

I 
EQUIPMENT 

shown i n  Fig.  1. It c o n s i s t s  of a burner,  t r a n s i t e  base, and glass 
zhimney. When t h e  burner i s  operated a t  the  low flow r a t e s  employed 
i n  t h i s  study, a bunsen-type flame i s  obtained. Disturbance of t h e  
? l ~ r e  by a i r  cu r ren t s ,  and d i l u t i o n  of t he  exhaust gases by surrounding 
k i r ,  .]ere prevented by enclosing the burner i n  a pyrex g l a s s  chimney. 
Sziples  of f l u e  products were withdrawn either from the t o p  of the chim- 
ney or through the probe. 

rodir 'ied a2 shown i n  F ig .  2 ;  a secondary a i r  chamber, with 1/8-in. s t e e l  
spheres i n  it t o  f a c i l i t a t e  d i f fus ion ,  was installed.  

The source of combustion products was the  burner system 4 

I 

'1, 

1 

Early i n  the  inves t iga t ion ,  the base of t he  burner system was 

The burner was operated on 1000 Btu n a t u r a l  gas similar i n  
3osposit ion t o  t h a t  shown i n  Table 1, and numerous experiments were 
c e r r i e d  out under a v a r i e t y  of condi t ions.  Since space does not per- 
-.it E d e t a i l e d  desc r ip t ion  of t he  experimental techniques, only a few 
J 4  .... ,.,nfs ztln be rrade here . r . r x x 3  

' Combustion conditions va r i ed  from f u e l - r i c h  t o  s toichiometr ic  
aperzt ion.  
or" 2 CF/hr of n a t u r a l  gas, no pr-imary a i r ,  and 10  C F h r  of secondary a i r .  
S to i ch ioxe t r i c  c o n d i t i m s  corresponded t o  flow r a t e s  of 2 CFfhr of'nat- 
ur.;l gas 2nd 17.5 C F b r  of p r i m r y  a i r .  Secondary a i r  was employed i n  
seler,Eed s toichiometr ic  experiments. S u f f i c i e n t  experiments were car- 
pied out  t o  insure  the r e p r o d u c i b i l i t y  of the a n a l y t i c a l  determinations 
under t h e  s p e c i f i c  operat ing conditions.  A l l  determinations I of s p e c i f i c  

The extreme f u e l - r i c h  va r i ab le  corresponded t o  flow r a t e s  
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r l u e  pmducts  were normalized t o  percentages of  t he  t o t a l  f l ue  products1 

RESULTS 

During t h i s  inves t iga t ion ,  a l a r g e  number of sa tura ted  and UT- 
sa tura ted  a l i p h a t i c ,  polynuclear aromatic,  and oxygenated hydrocarbons 
:.:er? i z e n t i f i e d .  Many were determined q u a n t i t a t i v e l y  i n  t h e  ppb ( p r t z  
€ 3 ~  i? ) concentrat ion range. Table 2 gives  a partial l ist  of the orgac 
i: expounds found i n  t h e  combustion products under stoichiometric and '  
%el-r ioh opera t ing  condi t ions.  

Gas chromatography with a fiame ioniza t ion  detector  was em- 
--,--,rc4 y A _ I  -u t o  ~ 5 s u r e  C1 t o  Cs sa tura ted  and unsaturated a l i p h a t i c  hydro- 
czr2ccs .  Under e s s e n t i a l l y  complete combustion condi t ions,  t h e  C1 t o  ,$ 
i -ydrxsrbons were 'present  i n  the  f l u e  products i n  the ppb range, and se 
e r - l  Cq 2nd C s  compounds were below l i m i t s  of d e t e c t a b i l i t y ,  as  shown j', 
T z c i e s  3 and 4. When primary a i r  was absent ,  concentrations of the C1 
t c  Cg hydrocarbons varied inverse ly  i j i th  the secondary air flow. Totai 
C s  + kydrocarbons vere determined by revers ing  c a r r i e r  gas flow in t h e  
cmoxatographic coiumn and backflushing a f t e r  the emergence of ;-butane: 
&:sin, the inverse  r e l a t i o n s h i p  of concentration t o  secondary a i r  flow 
:.:zs s:sser'ded, 5 s  shown i n  Table 5. 

ser.:eq t o  separate the C1 to C3 f r a c t i o n .  The C 4  t o  C g  f r a c t i o n  was se  
2?2:22 3n E 1/e i n .  x 15 't column of 28% dimethylsulfolane on Chroma. 
3350 P .  Separat ion of t o t a l  C,+ hydrocarbons was e f f e c t e d  on a 1/8 i n  
:.: s f t  alunina column operat ing at ~ o o O S .  

Polynuclear aromatic hydrocarbons were co l lec ted  i n  a l o w -  
terr.l;erature t r a p p i n g  system, and separated by means of l i q u i d  ex t r ac t i c  
prscedures and column, 'paper, and gas chromatography. Ultraviolet  ab -  
sorpt ion and fluorescence spectrophotometry were t h e n  employed t o  iden. 

the s e p r e t e d  f r a c t i o n s .  By these  techniques, f i f t e e n  polynucleafi 
,zro-atic cocpounds ver? i d e n t i f i e d ;  seven of these  were determined quan 

c17.n chrxetography,  and i d e n t i f i c a t i o n  and measurement were accomplishc 
S L i  u l t r a v i o l e t  f lucrescence spectrophotometry. Table 6 shows that  t h e  
:oncentrations ranged "on less than 0 . 1  ppb f o r  2-phenylenepyrene unde 
conditions of e s s e n t i a l l y  c m p l e t e  cornbustton, t o  1040  ppb f o r  pyrene 
uridzr %el - r izh  conditTons. I 

Pa alumina column operated a t  8OoC with argon c a r r i e r  gas 

i 2 C r  L l ~ ~ t i v e l y .  Q u a n t i t a t i v e  determination was based on separat ion v i a  ~ 0 3 '  

Several  c l a s s e s  ~f oxygenated hydrmarbons were investigated, ,  
inzlLding aldehydes,  phenols, and ketones.  Because aldehydes a re  alwa? 
croduced 2uring inzornplete corxbustion,16 these compounds were studied '1' 
sor-e d e t a i l .  The spec t rophAozet r ic  Lethods used a r e  s p e c i f i c  f o r  forti 
dehjide, a c r s l e i n ,  t o t a l  a l i p h a t i c  aldehydes and t o t a l  a.ldehydes. Tab16 
sh2::s :hat when c n P j  sec3nda-y a i r  was present ,  t he  concentration of t c  
t i l  ilckhycies was in ie rse ly  r e l a t e d  t o  the flow of secondary a i r .  I n  t 
ebsence of  secondary e r r ,  but with s i ; f f ic ient  primary a i r  t o  ensure es- 
s s n t i r l l y  complete znzbustion, aldehydes were produced i n  snly ppb Con- 
zentret ions . Fore ldehgde  :.!es p r e d x i n e n t ,  and pers i s ted  under a l l  but! 
s toi=hi .o?etr ic  z3rhustiDn condi t ions.  With increased secondzry ai?.', a 
g?nnrE l ly  i n z r e a s i n g  reti3 of f'ormldehyde t o  other aldehydes was ob- 
s s P ~ / e d .  These r'1ncl:ng-s 21-3 zonsis tent  !.Jlth the reported s t a b i l i t y  Of 
fnr-.zld?hpde. l e  
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Table 1.-Typical Analysis of Chicago Natural  Gas 

Component Mole $ Component Mole $ 

Air 3 . 2 1  Propane 1 . 2 1  
H e l i u m  0.08 n-Butane 0.17 
Nitrogen 1.79* -But ane 0.08 ' 
Carbon dioxide 0.63 Pentanes 0.04 
Methane 88.21 Hexanes 0.03 
Ethane 4.51 Heptanes 0.04 

100.00 
Heating Value - 1001 Btu/SCF, Saturated gas a t  6 0 ' ~ ~  30 i n .  Hg. 

*Nitrogen i n  excess of t h a t  included i n  air .  

. Table  2.-TYPES AND QUANTITIES O F  ORGANIC COMPOUNDS FOUND IN 
T H E  COMBUSTION PRODUCTS O F  A NATURAL GAS F L A M E  

. 

Concent ra t ion  Found a f t e r  

Type of Compound 

Aldehydes:  

Formaldehyde  
O t h e r  Aliphat ic  Aldehydes 
Nonaliphatic Aldehydes 

Tota l  Aldehydes 

Polynuclear  A r o m a t i c s :  

Anthanthrene 
Anthracene  
Benzo [a] pyrene  
F lu0  r anthene 
1-Methylpyrene 
- o-Phenylenepyrene  
P y r e n e  

Other  Hydrocarbons:  

Methane 
Ethane  
P r o p a n e  
i -Butane 
n-Butane  
Pentane  plus  
Acetylene 
Ethylene 
Propylene  

- 
-_ 

Stoich iometr ic  
Combus t ion 

< 0.02 p p m  
< 0.02 
< 0.02 
< 0.02 

C 3 . 0  ppb 
< 0 .4  

0 .4  
6 .0  
0.6 
0.1 

14.0 

0.00 ppm 
0.13 
0.10 

< 0.01 
< 0.01 
< 5.00 
< 0 . 0 1  

0.06 
<0.01 

F u e l  - Rich  
Combus tion 

20 PPm 
13 
6 

39 

275 ppb 
46 
09 

460 
70 
04 

1040 

60,000 pprn 
3,500 

900 
50 
7 0  

120 
2,500 
4,000 

260 
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Table 4. - AIR FTOW E'. c4-F~ COI?CENTRATIONS 

41b - 40a - 40b - 41a - 42a - Run NO. 
Flow Rates, CF/hr 

primars Jur 0 0 0 0 17.5 
Secondary Air 10 15 20 25 0 
Natural Gas 2 2 2 2 2 

Butene-1 182 0 550 165 17 <0*05 
- i -Butene <Os05 e0.05 <On05 <On05 <0.05 

Concentration, ppm+ 

- trans-Butene-2 50 8 2 <0.05 eO.05 
- i -Pentane <0.05 .C0.05 <0.05 cO.05 <0.05 
&&-But ene-2 e0.05 e0.05 <0.05 e0.05 <Os05 
Pentane <Om05 C0.05 <Os05 <0.05 CO.05 
3-Methylbutene-1 <0.05 e0.05 e0.05 e0.05 e0.05 
L3-Butadlene 40 9 1 <0.05 <0.05 
Pent ene -1 118 43 7 <0.05 <0.05 

* Chromatograph c a l m r a t e d  on basis of response t o  "-butane 

Tab le  5. -Cs + HYDROCARBONS 

+ A i r  Input ,  CF/hr, 
h,Primarg Secondary 

: 5  10 
5 ', 5 

2 .5  10 

2 .5  7 . 5  
2 .5  ' 5 

,' 2 '5  7 . 5  

* Natural  Gas Input ,  

Total  C,+ 
&drocarbons, A i r  Input ,  CF/hr 

2EE Primary 2e condary 

< 5  0 25 
30 0 20 

0 15 
0 12.5 

<5 0 12.5 
20 0 10 
1 4  0 7 .5  
85 0 7 .5  

1 CF/hr 

Tota l  Cst 
Hydrocarbons, 

m?! 
< 5  
<5 
<5 

80 
100 
90 
110 
144 

/ /  
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Table 6. -POLYNUCLEAR AROMATIC mOCARBONS 
DETERMINED I N  NATURAL GAS COMBUSTION PRODUCTS 

Aeration Conditions 

~ Primary air 
I 

Secondary a i r  

Natural gas 

Component 

Ant hanthrene 

Anthracene 

Benz o [ a]  pyrene 

Fluoranthene 

1-Me thylpyrene 

- 0- Phenylene pyrene 

Pyrene 

Flow Rate, CF/hr 
R u n  No. -- 

- 9 5R L 8 .- l o  
0 0 0 0 17.5 

10 15 2.0 25 0 

2 2 2 -  2 2 

Concentration, ppb 

240 275 11 c3-  c3 

26 46 6 6 <O. 4 
89 78 40 11 0.4 

434 468 256 117 6 

78 48 11 4 0.6 

75 75 84 43 co. 1 

1040 454 155 103 1 4  

R W  
No. - 

Table 7.-AIR F L O W  s. ALDEHYDE PRODJCTION 

Flow Rates, CF/hr Aldehyde Concentration, ppm 
Total 

I 

Primary Secondary Natural  Aliphat ic  
A i r  A i r  Gas - Formaldehyde Aldehydes Aldehydes 

I 

C 10 2 19.4 32.9 39.3 

0 15 2 18.4 25.6 34.6 

0 20 2 13.4 13.1 18.5 

0 25 2 2.4 1.9 6.0 

17 5 0 2 co. 02 co. 0 1  c0.02 
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The unsaturated &ldehxde a c r o l e i n  occurs i n  t h e  exhaust gases 

from most combustion processes.  J 7 1 8 9 1 2  Under fue l - r i ch  combustion con- 
d i t i o n s ,  ac ro le in  concentrat ions ranging from less than  0.03 ppm (parts 
Per mi l l ion)  t o  about 6 ppm (Table 8) were determined by a spectropho- 
tometr ic  method. 

Phenols a r e  another  group of oxygenated organic  der iva t ives  
that  i s  known t o  be present  i n  combustion pr3ducts from n a t u r a l  gas 

Tota l  phenol concentrat ions va r i ed  from 0.007 ppm t o  about 
4 ppm (Table 9). 

Several  spectrophotometric procedures were inves t iga ted  
for determination of ketones,  but  i n t e r f e rence  from water and formal- 
dehyde introduced excessive e r r o r .  Gas chromatography, however, re- 
s u l t e d  i n  accurate  determinat ions of several ketones,  as shown i n  
Table 10 .  

sence of methyl and e t h y l  a lcohols  i n  the f l u e  products.  
measurement s were not made, but methyl a lcohol  peak a reas  ind ica ted  
concentrat ions of about 3 ppm. 

Chromatographic s tud ie s  gave t e n t a t i v e  evidence of the  pre- 
Quan t i t a t ive  

DISCUSSION 

f l u e  products from f u e l - r i c h  flames might be in t e rp re t ed  i n  terms of 
numerous hypothe t ica l  r eac t ion  mechanisms t h a t  have no real  meaning. 
Ins tead ,  l e t  us consider how the formation of t r a c e  components D r o -  
ducsd under oor combustion condi t i sns  can be r a t iona l i zed  and qua l i -  
t a t i v e l y  expyained i n  terms of a few r e a c t i o n  mechanisms which are 
knom t o  be operat ive i n  fue l - r i ch  flames. 
methyne a r e  very l i k e l y  involved i n  t h e  formation of f lue-gas  combus- 
t i o n  products,  bu$ they are not considered i n  t h i s  t rea tment . )  

reasonably wel l  understood, but the organic chemistry os fue l - r i ch  
flertes presents  a considerably more complex s i t u a t i o n .  The i n i t i a l  
r eac t ions  i n  a fue l - r i ch  methane-oxygen flame have been shown t o  in -  
volve formation of methyl gadica ls ,  which a r e  probably produced by 
hydrogen atom abs t r ac t ion :  

The experimental  data co l l ec t ed  i n  our inves t iga t ion  of the  ' 

(Carbenes and perhaps 

Many of t he  major mechanisms o p r a t i v e  i n  l ean  flames a r e  

CH+ + H -., CH3 + Ha 

The methyl r a d i c a l s  might be c a l l e d  the "key intermediates"  
i n  the combustion of methane i n  fue l - r i ch  systems because the i r  con- 
cen t r a t ion  i s  s u f f i c i e n t  t o  produce o the r  s t r u c t u r e s  by conversion 
t o  higher  molecular weight intermediates .  Subsequent chemical reac- 
t i o n s  of methyl r a d i c a l s  i n  f u e l - r i c h  flames therefore  determine, t o  
a l a rge  ex ten t ,  t he  s t r u c t u r e s  of the p a r t i a l  combustion products.  
We should t h u s  be a b l e  t o  r e l a t e  our experimental  r e s u l t s  t o  these  
methyl r a d i c a l  reac t ions ,  e s p c i a l l y  those t h a t  occur with smll  o r  
e s s e n t i a l l y  zero a c t i v a t i o n  energ ies .  

F i r s t ,  the r eac t ion  of methyl r a d i c a l s  w i t h  oxygen would 
not be expected t o  be the dominant one i n  a n  oxygen-deficient flame, 
but  the r eac t ion  should occur t o  some degree with formation of p r o x y  
r a d i c a l s  : 

I CHa + 02 - CH300 - H-8-H + OH 



Run 
21  
22 
2 3  
24 
25 

- 

3x1 Nc. 
4 

5 
J 
- 
E 
7 

Tsble  8 .  - A I R  FLOW VS. ACROLEIN PRODUCTION 
Natural  
Gas, A i r ,  CF/hr 
CF/hr Primary Secondary Acrolein,  ppm 

0 <o. 0 3  
0 6 . 3  

5.6 

2 
2 
2 0 1 5  
2 0 20 5 .3  
2 0 25 , 2.9 

17.5 10 

Table 3.  -AIR FLQWE. PWOL PRODUCTION 

Flow. ,Rates C F h  
Pr imary  Secondary Natural 

A i r  A i r  Gas Phenol Concentration, ppm* 
0 10  2 4.0 
0 15 2 4 . 1  
0 20 2 i. 0 
0 25 2 0.5 

17.5 0 2 0.026 
25.0 0 2 0.007 

* .  Cklltratizn curves were prepared with phenol so lu t ions  as standards.  

r-r ; L G . , L E  - 0 .  -AIR F W  VS.  CARBONYL PRODUCTION 

is12 tu r a 1 Carbonyl Production, ppn 
Gas, Air, CF/hr Acetal-  Acrolein- Propion- 2-Bu- 
CF/hr dehyde Acetone aldehyde tanone - 

7, ..il - 
P 0.07 1.6 ;':;;-I 2 

(3 15 3.4 0.8 0.03 1.0 ;'>; - 2  2 

. ,-,; .. ' - 3  2 3 20 2 . 9  ' 1.2 0.05 1.8 
- -!I 2 0 25 5 -  0 1.5 0.01 2.8 

10 6.2 1.5 - - -. 
.- - - ... 
- --_ 
- . .. - 
/ /  
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These r a d i c a l s  are known t o  decompose rap id ly  t o  y i e l d  formaldehyde -14r17 
Fur ther  oxidat ion of formaldehyde would be expected, even i n  an oxygen- 
de f i c i en t  flame, because of the  high r e a c t i v i t y  of aldehyde groups. 

Since the  rate of formation of formaldehyde should be g rea t e r  
than the r a t e s  of formation of the  higher  aldehydes from t h e  methgl- 
radical-der ived in t e rned ia t e s  that  w i l l  be discussed later,  w e  would 
expect formldehyde t o  be present  i n  highep concentrat ions than  the  
a the r  aldehydes i n  the  f l u e  gases. As a l ready  shown i n  Tables 2 and 
7, o v z r  ha l f  of t he  t o t a l  aldehydes in  almost a l l  of our experiments 
was formaldehyde when t h e  f l u e  products were produced under oxygen- 
de f i c i en t  conditions. 

I 

1. 

I 

1 m b i d  be favored over methyl radical-oxygen r eac t ions ,  s o  l a r g e r  con- 
cent ra t ions  of ethane r e l a t i v e  t o  formaldehyde would be expeoted i n  
t h e  f l u e  gases.  The formation of ethane in t h i s  type o f  recombination 
r eac t ion ,  however, is not as simple as i t  appears. When the new carbon- 

’%\ to-carbon bond i s  formed, a la rge  amount of energy is l ibe ra t ed .  This 
energy, along w i t h  the o r i g i n a l  thermal energy carried by the  methyl 

l r a d i c a l s ,  can d isdocia te  ethane back t o  methyl r ad ica l s ,  o r  the  r e s u l t -  
ing v ib ra t iona l ly  exc i ted  ethane molecules can be deact ivated by a three- 
body c o l l i s i o n  process.  I n  the presence of a t h i r d  body, such as another 
molecule with which the  energy-rich ethane molecules c o l l i d e ,  t he  ex- 
cess  energy can be t r ans fe r r ed  with concurrent formation of s u b s t a n t i a l  i anounts of ethane without homolytic d i s soc ia t ion  t o  methyl r ad ica l s .  
ever ,  according t o  Xistiakowsky,’ the energy-r ich ethane molecules i n i -  

) t i a l l y  produced do not necessar i ly  requi re  a three-body process t o  pre- 
vent d i ssoc ia t ion .  

Since methyl r a d i c a l  recombination i s  a d i r e c t  one-step path 
t o  a stable paraf f in ,  one would expect l a r g e r  concentrat ions of ethane 
than t h e  higher pa ra f f in s  i n  the f l u e  gases. T h i s  conclusion i s  sup- 
ported by t h e  resul ts  s u m r i z e d  i n  Table 2 .  S ign i f i can t ly  higher con- . I cent ra t ions  of ethane than propane were detected i n  t h e  f l u e  products 
under oxygen-deficient condi t ions.  The concentrations of propane were 
i n  t u r n  higher than the  t o t a l  C 4 +  pa ra f f in  concentrat ions.  

1 )  gases s tudied i n  t h i s  inves t iga t ion  contained a few percent ethane and 
propane, but the r e l a t i v e  r a t i o s  of these  hydrocarbons i n  the  f l u e  gases 
should s t i l l  be ind ica t ive  of the combustion mechanism. 

methans-rich flame has not been f u l l y  established, but  the general  
1 23urs8  of the  reac t ions  i s  believed t o  proceed through C.2 radical 
1 i n t e r m d i a t e s . ”  Successive dehydrogenation of ethane y ie lds  e thy-  
1 lene and acetylene.  The de ta i l ed  mechanism of the  dehydrogenation i s  
1 not  known. Homolytic C-H bond rupture  by unimolecular decomposition or’ 
1 hydrogen atom abs t r ac t ion  should be f a c i l i t a t e d  i n  methane-rich flames,, 

because msthyl  r a d i c a l  recombination a f fo rds  energy-rfch ethane mole- 
cu les .  We therefore  expect that stepwise dehydrogenation of ethane pro- 
ceeds j i a  an  e t h y l  r a d i c a l  intermediate:  

t o  y ie ld  subs t an t i a l  amounts o r  ethylene and acetylene r e l a t i v e  t o  the 

Recombination of excess methyl r a d i c a l s  i n  oxygen-def i c i e n t  
ylamss: 

I 

2CH3 -. C H 3 m  

How- 

The na tu ra l  

The mechanism of formation of  e thylene and acetylene i n  a b 

C&CH3 CH3m2 + H 
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other  unsaturates, Formation of e t h y l  r a d i c a l s  subsequently provides 1-1 

d i r e c t  routes  t o  propane and t h e  butanes, but dehydrogenation should , 
be t h e  preferred r g a c t i o n  path because of t he  favorable k i n e t i c s  at 
high temperatures. I 

Thus , the  formation and relative concentration of the major 
oxygenated and saturated and unsaturated a l i p h a t i c  compounds detected 
as t r a c e  components i n  t h e  f l u e  gases of methane-rich flames have been 
r a t iona l i zed  on t h e  b a s i s  of a few known r a d i c a l  react ions.  It should ’ 
be emphasized t h a t  these r eac t ions  are by no means the only paths t o  
the observed compounds, but their  r e l a t i o n s h i p  t o  the experimental re- 
s u l t s  i nd ica t e s  t h a t  they a r e  important.  

polynuclear aromatics l isted i n  Table 2 .  Grossly empirical  r eac t ion  . 
Tezhanisrns must be postulated because of the complexity of polynuclear 
a roxa t i c  s t r u c t u r e s  .15 Nevertheless, w e  believe that a few important 
conclusions can be drawn from the data co l l ec t ed  i n  our work. 

Most i n v e s t i g a t o r s  who have s tudied the formation of poly- 
nuclear aromatics found t h a t  t hese  compounds general ly  form under fue l -  
r i c h  conditions .eJ150ur da ta ,  which include 
a l i p h a t i c  and aromatic compounds, show that f u e l - r i c h  conditions pro- 
mote polynuclear aromatics formation , but a t  very low l eve l s  r e l a t i v e  
t o  the concentrations of the a l i p h a t i c  compounds. It I s  therefore  
d i f f i c u l t  t o  s e l e c t  a p a r t i c u l a r  a l i p h a t i c  compound, or group of com- 
pounds, a s  key intermediates  i n  the mechanism of formation of the aro- 
% t i c  compounds. 

Aliphatic intermediates are, however, c l e a r l y  the precursors 
of the aromatic compounds because the natural gases used i n  our experi- 
ments containsd zero polynuclear aromatics.  Various invest igators  have “ 
s u g e s t e d  that  methyne and unsaturates such as ethylens and acetylene 
play a n  important role as intermediates Empirical react ion 11 
paths have a l s o  been postulated toaccount f o r  the f o r E t i o n  of poly- 
nu21ear a r o m t i c s  from t hese  and other intermediates.  

\ 

It i s  much more d i f f i c u l t  t o  explain the formation of the 

determinations of both 

I n  s e v e r a l  experiments, our determinations of the polynuclear 
a rona t i c s  formed i n  fue l - r i ch  flames tend t o  f a l l  i n t o  a pa r t i cu la r  
pz t t e rn .  The higher  molecular weight polynuclear aromatics i n  the f l u e  
gas iiere c o n s i s t e n t l y  present i n  lower concentrations than those of 
lmer  molecular weight. Although other  i nves t iga to r s  have reported 
similar r e s u l t s , ”  t h i s  information i s  i n s u f f i c i e n t  f o r  v a l i d  conclu- 
sions regarding t h e  mechanisms of f o r m t i o n .  

However, s i g n i f i c a n t  observations can be made. The d i s t r i -  
bution of the aromatics was about t he  same i n  each of our  experiments, 
as Shawn i n  Table 6 .  Furthermore, t h i s  d i s t r i b u t i o n  corresponds essen- 
t i a l l y  t o  t h a t  reported by  other^.^''^'^^ F ina l ly ,  we observed tha t  the 
r e l a t i v e  concentrat ions of a few s p e c i f i c  polynuclear a r o m t i c s  a r e  Con 

. s i s t e n t l y  higher  than the concentrations of the other  aromatics. 

These observat ions suggest that the ove ra l l  scheme shown i n  
Fig. 3 i s  a p l aus ib l e  rou te  t o  the var ious aromatic compounds iden- 
t i f i e d  i n  our s t u d i e s .  The r eac t ive  species and fragments involved i n  
the many r eac t ions  required t o  produce the polynuclear aromatics are, 
of course, not known. But our resu l t s  and t h e i r  apparent re la t ionship 
t o  the scheme i n  F i g .  3 support a stepwise buildup of the higher 8110- 
matics through cornon intermediates .  
oped with Lindsey’s  data.” 

A similar scheme canlalso be devel 
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C"4 + 
INTERMEDIATES 

I 

NUMBERS IN PARENTHESES ARE RELATIVE A--56493 

CONCENTRATIONS. 
(D) INDICATES DETECTION ONLY 

F i g .  3.-POSSIBLE ROUTES TO POLYNUCLEAR AROMATIC COMPOUNDS 
I 
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Other i n t e r p r e t a t i o n s  of the d i s t r i b u t i o n  of the aromatics I 
(Table 2 ) ,  such as cons idera t ion  of t h e i r  r e l a t i v e  s t a b i l i t i e s ,  can 
be employed t o  r a t i o n a l i z e  the r e s u l t s .  For example, l i n e a r l y  annel- 
l a t e d  acenes a r e  know? t o  be more r e a c t i v e  than  phenes containing the 
same number of r i n g s .  
of acenes r e l a t i v e  t o  the  angular ly  anne l l a t ed  phenes i n  the  f l u e  pro- 
duc ts .  O u r  experimental  data show tha t  only one a c m e ,  anthracene, 
was detected.  Most of the  polynuclear aromatics determined i n  t h i s  
i nves t iga t ion  contain the  phenanthrene nucleus.  

Quan t i t a t ive  treatment of  the d i s t r i b u t i o n  of polynuclear 
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Thus, one would not expect a la rge  concentration 
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